Identifying the targets of immune response after allogeneic hematopoietic cell transplantation (HCT) promises to provide relevant immune therapy candidate proteins. We used protein microarrays to serologically identify nucleolar and spindleassociated protein 1 (NuSAP1) and chromatin assembly factor 1, subunit B (p60; CHAF1b) as targets of new antibody responses that developed after allogeneic HCT. Western blots and enzyme-linked immunosorbent assays (ELISA) validated their post-HCT recognition and enabled ELISA testing of 120 other patients with various malignancies who underwent allo-HCT. CHAF1b-specific antibodies were predominantly detected in patients with acute myeloid leukemia (AML), whereas NuSAP1-specific antibodies were exclusively detected in patients with AML 1 year after transplantation (P < .001). 
Introduction
After HLA-identical allogeneic hematopoietic cell transplantation (HCT), hematologic malignancies are cured via graft-versusleukemia (GVL) effects that target minor histocompatibility antigens (mHAs) and tumor antigens. Besides the beneficial GVL response, allogeneic immune responses frequently damage normal recipient tissues, causing graft-versus-host disease (GVHD). A more extensive characterization of mHAs responsible for GVL and GVHD will lead to an ability to augment GVL response and improve GVHD monitoring and guide immune suppression. Thus far, allogeneic immune responses after HCT have predominantly been characterized as T-cell responses, [1] [2] [3] [4] [5] providing limited numbers of mHAs. 6 Alternatively, this study shows B-cell responses after allogeneic HCT can be characterized as specific new antibody responses from peripheral blood using high-throughput protein microarray technology.
Previous work demonstrated allogeneic antibodies develop against multiple mHAs encoded on the Y chromosome, called H-Y antigens, after male patients undergo HCT using female hematopoietic grafts. [7] [8] [9] Sex-mismatched HCT studies suggest allogeneic B-cell responses against ubiquitously expressed H-Y antigens may play a role in both GVHD and GVL. Furthermore, rituximab treatment specifically targeting CD20 on B cells provides therapeutic benefit for many patients with chronic GVHD (cGVHD). [10] [11] [12] [13] [14] This study extends allogeneic B-cell analysis beyond H-Y antigens to test for novel antibody (Ab) development against 5056 human proteins.
A patient with acute myeloid leukemia (AML) who relapsed twice and remained with persistent disease underwent myeloablative HLAidentical unrelated donor allogeneic HCT and had blood prospectively collected through 18 months after transplantation. The patient remains disease-free 2.5 years after transplantation, suggesting a benefit from GVL responses. Two novel targets, nucleolar and spindle-associated protein 1 (NuSAP1) and chromatin assembly factor 1, subunit B (p60; CHAF1b), were identified serologically using protein microarrays as antigens newly recognized 1 year after transplantation but absent in the donor or pretransplantation plasma. Subsequent enzyme-linked immunosorbent assay (ELISA) testing of 120 HCT patient samples collected 1 year after transplantation from patients with different malignancies showed Ab against NuSAP1 and CHAF1b predominately developed in patients with AML. Gene expression profiles showed NuSAP1 and CHAF1b were highly expressed in CD34 ϩ CD90 ϩ hematopoietic stem cells (HSCs), leukemic cell lines, and AML primary tumors. Together, exclusive development of NuSAP1 in AML and high expression of NuSAP1-specific Ab in 24 of 37 patients with AML suggests NuSAP1 is a clinically relevant AML tumor antigen. underwent myeloablative conditioning therapy using cyclophosphamide and total body irradiation with her AML French-American-British (FAB) classification as M4 and with PR3 10% blasts at the time of transplantation. Her cytogenetics profile was normal and her AML did not arise from multilineage dysplasia. She developed extensive cGVHD 12 months after HCT with 75% skin erythema, fasciitis of 50% skin, oral pharyngeal moderate ulceration, and liver function abnormalities with a maximum aspartate aminotransferase (AST) of 4.59 kat/L (275 U/L) and an alanine aminotransferase (ALT) of 2.51 kat/L (150 U/L).
Plasma samples were also obtained from 120 patients (Table 1) 1 year after transplantation and from 70 healthy persons matched for age and sex for validation studies using quantitative IgG ELISA for CHAF1b and NuSAP1. The samples were cryopreserved at Ϫ80°C until further use. A total of 6 patients were followed longitudinally over time; their characteristics are given in Table 2 . Approval was obtained from the Stanford institutional review board for these studies, and individual informed consent for further studies was obtained from all patients and donors in accordance with the Declaration of Helsinki.
Peripheral blood mononuclear cells (PBMNCs) from 12 newly diagnosed patients with AML and 5 healthy persons were also obtained for reverse transcriptase-polymerase chain reaction (RT-PCR) studies. All 12 AML samples had greater than 95% blasts, which were isolated from leukapheresis products (Table 3) .
Plasma profiling using protein arrays
Protein microarrays were obtained (ProtoArrays Version 3.0) displaying 5056 full-length human proteins, derived from the Ultimate ORF collection, printed in duplicate with N-terminal GST epitopes expressed in baculovirus and affinity-purified under native conditions, maintaining their cellular enzymatic activities/native conformations. The arrays also contained control spots consisting of buffer, empty spots, and human IgG printed in 4 different concentrations (IgG [1] to IgG [4] ). The arrays were incubated with blocking buffer (50mM HEPES [pH 7.5], 200mM NaCl, 0.08% Triton X-100, 25% glycerol, 20mM reduced glutathione, 1.0mM DTT, 10M NaOH (pH of blocking buffer, 7.5-8.0), and 1% bovine serum albumin [BSA]) for 1 hour followed by application of the plasma sample diluted 1:150 for 90 minutes. After washing the array 4 times for 10 minutes each with PBST buffer (1ϫ PBS, 1% BSA, and 0.1% Tween 20), secondary antibody was added (goat anti-human Alexa 647, diluted 1 g/mL in PBST buffer) for 90 minutes. After washing the slides with PBST buffer, the arrays were dried and fluorescence intensity was detected using a microarray scanner (GenePix 4000B). All incubations were carried out on a rotating platform at 4°C.
Data acquisition
The slides were scanned using a GenePix scanner (GenePix 4000B) at a photomultiplier (PMT) gain of 60% with a laser power of 90% and a focus point of 0 m. The .gal file was obtained from the ProtoArray central portal on the Invitrogen website by submitting the barcode of each ProtoArray. Data were obtained using GenePix software (Version 5 Microarray Image Analysis) and was normalized and converted to log scale ("Statistical methods") and represented by plotting the pretransplantation normalized values on the x-axis versus the posttransplantation normalized values on the y-axis. The data discussed in this publication have been deposited in the National Center for Biotechnology Information's (NCBI's) Gene Expression Omnibus (GEO) 15 and are accessible through GEO Series accession number GSE15255. 16 
Statistical methods
All intensities above 500 were considered positive based on the average intensity readings for negative controls plus 3 SDs. Data obtained from protein microarrays were analyzed as follows.
(1) Normalization using R. Results were normalized using algorithms constructed in R for intraslide variation (comparing duplicate spot results) and interslide variation using the intensity reading obtained for spotted human IgG3 (details in supplemental information, available on the Blood website; see the Supplemental Materials link at the top of the online article). The normalized posttransplantation fluorescent readings were subtracted from the pretransplantation readings and ranked in descending order with the highest difference as the most significant hit. The top-ranked proteins were then compared with the donor array normalized fluorescent intensities, and only those proteins absent in the donor were called significant hits. (2) Prospector Analyzer (Invitrogen). (a) This software uses the Chebyshev inequality P value, which is derived by testing the null hypothesis. The pretransplantation, 1-month, and 2-month samples were compared versus 11-, 12-, 14-, 16-, and 18-month samples to obtain significant protein hits. (b) The software also calculates the z score for each printed spot's fluorescent intensity. The z score indicates the deviation of each protein's antibody reading from its distribution mean (SD). Once the z scores were obtained, the delta between the pretransplation and posttransplantion z scores was calculated and compared with the donor z scores to identify significant targets or hits.
(3) SAM analysis using the t test. Normalized signal intensity values were used for significance analysis of microarrays (SAM) analysis. The samples were grouped as pretransplantation, 1-month, and 2-month samples versus 11-, 12-, 14-, 16-, and 18-month samples.
Optical density values obtained after ELISA for NuSAP1 and CHAF1b were compared using the Fisher exact t test for conditioning regimens, acute GVHD and cGVHD, related/unrelated donor, and relapse. Antibodies against NuSAP1 and CHAF1b in patients with AML versus all other hematologic diseases were analyzed using the Kruskal-Wallis 2 test, Wilcox test, and Fisher exact t test. Patient and donor age and IgG levels were treated as continuous, multivariate data and compared in Table 4 using the Kruskal-Wallis 2 test.
Protein purification
Full-length CHAF1b and NuSAP1 clones were obtained from the Ultimate ORF clone collection and expressed using Escherichia coli expression system with Gateway technology. The Ultimate ORF clones were transferred from pENTR 221 entry vector to pDEST-15 expression vector with an LR recombination reaction using the Gateway LR Clonase enzyme mix. Transformed BL21-AI One Shot cells were induced for protein production with L-arabinose. Cells were lysed, and protein expression was confirmed in the soluble portion of the lysate using Western blotting with anti-GST mAb. The recombinant proteins were then expressed and purified from BL21-AI-transformed cells using B-PER GST Fusion Protein Purification Kits. Because all patients had tested negative for HIV, HIV-p24 protein was used as a negative control and was also expressed in E coli and purified in a similar fashion. Insect-expressed CHAF1b and NuSAP1 were obtained from Invitrogen.
Western blotting
E coli-derived or baculovirus-infected insect cell-derived purified proteins (0.5 g/lane) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred onto Hybond C ϩ membranes. Proteins were detected with either anti-GST (1:1000) or patient plasma diluted 1:500. After washing, the membranes were incubated with secondary antibody goat anti-human IgG conjugated to horseradish peroxidase. The membranes were washed and visualized by enhanced chemiluminescence (ECL).
ELISA for antibodies to recombinant proteins
Baculovirus-infected insect-derived purified proteins were diluted to 2.0 g/mL, and 50 L/well of each protein was coated per well in 96-well ELISA plates. The plates were washed with 1ϫ Tris-buffered saline with 0.1% Tween-20 (TBST) and blocked with 2% nonfat milk for 1 hour. Anti-GST (1:1000) or patient plasma samples (1:50) were incubated overnight at 4°C. Antibodies were detected with goat anti-human IgG conjugated to alkaline phosphatase. Absorbance was measured at 450 to 550 nm.
Flow cytometric analysis and sorting of the leukocyte subsets
Briefly, 10 ϫ 10 6 cells from G-CSF-mobilized leukapheresis products or bone marrow fine-needle aspirates from consenting allogeneic donors were stained with the respective leukocyte subset Abs for 30 minutes. Cells were sorted with a Cytopeia InFlux high-speed cell sorter equipped with 488 nm Coherent Sapphire and 635 nm Coherent Radius lasers. Separated subsets were reanalyzed for purity greater than 98%. CD34 ϩ CD90 ϩ HSC cells were sorted from purified CD34 ϩ cells (Isolex 300i) obtained from mobilized peripheral leukapheresis products. The anti-human monoclonal antibodies used were all purchased from Becton Dickinson: phycoerythrin (PE)-or allophycocyanin (APC)-labeled CD3 (clone SK7), fluorescein isothiocyanate (FITC)-labeled anti-CD4 (clone RPA-T4), APC-or phycoerythrin-Cy7 (PE-Cy7)-labeled anti-CD19 (clone SJ25C1), PE-Cy7-labeled anti-CD8 (clone RPA-T8), APC-, PerCP-, or FITC-labeled anti-CD45 (clone 2D1), allophycocyanin-Cy7-labeled anti-CD14 (clone MphiP9), PE-labeled anti-CD34 (clone 8G12), and APC-labeled anti-CD90 (Thy1; clone 5E10).
RT-PCR analysis of CHAF1b and NuSAP1 mRNA expression
A total of 1 ϫ 10 6 cells sorted after flow cytometry were lysed using TRIzol reagent and stored at Ϫ80°C until further use. Total RNA was isolated as per the manufacturer's instructions (Qiagen) and was treated with DNAse. RNA concentration and purity were measured spectrophotometrically and used for quantification of target mRNAs. A total of 20 ng of RNA was reverse-transcribed to cDNA using Superscript II Reverse Transcriptase and random primers (0.2 g/reaction). Primers were designed for CHAF1b and NuSAP1 (CHAF1b forward: TTCAGTCAGAGACGCCTGGA; CHAF1b reverse: GCTTTAGCTCTGGGGGACTG; NUSAP1 forward: AAACTTA-CAAACAACCCCATCTCC; NUSAP1 reverse GTTTCTTCGGTTGCTCT-TCCTTT). The RT-PCR analysis was performed with SYBR green PCR core reagents in a 7900HT Fast Real-Time PCR Cycler, and the data were analyzed using Applied Biosystems Sequence Detection Software Version 2.3. Relative message levels were calculated with a comparative threshold cycle (Ct) method by which message levels were normalized to endogenous actin message levels. 
Results

NuSAP1 and CHAF1b were identified as new antibody targets after allo-HCT
Plasma was collected from a patient with AML before transplantation, after transplantation (1, 2, 11, 12, 14, 16, and 18 months), and from her unrelated donor. Plasma was incubated with protein microarrays that displayed 5056 full-length human proteins with N-terminal GST epitopes expressed in baculovirus-infected insect cells and affinity-purified under native conditions. 17 Because proteins were printed in duplicate, the florescent intensity readings for antibodies against each protein were averaged, logged, and plotted in Figure 1 . Longitudinal analysis of patient antibody responses identified new antibodies detected 1 year after transplantation. For the first and second months, all pretransplantation readings for proteins were either equal to or greater than any posttransplantation readings. New antibody responses developed 11 months after transplantation and peaked with highest signal intensities at 12 months. At 1 year after HCT, the patient developed cGVHD, and 2 proteins were targeted with high allo-Ab signals: CHAF1b and NuSAP1 (indicated by "C" and "N," respectively, in subsequent figures). The patient was treated for cGVHD with high-dose steroids and both total IgG as well as antigen-specific Ab binding diminished except for CHAF1b. Further, at 16 months, after tapering of steroids, the 12-month Ab profile recurred, with CHAF1b and NuSAP1 again the strongest Ab targets. The donor had low antibody responses against CHAF1b (signal intensity, 0.64) and no responses against NuSAP1, proving these are not adoptive immune responses but ones that develop newly after allogeneic HCT (supplemental Table 1 ).
SAM software analysis also identified NuSAP1 and CHAF1b as the most significant Ab response after HCT as shown in supplemental Figure 1 . t test results comparing normalized antibody results collected pretransplantation, 1 month, and 2 months after transplantation versus 11, 12, 14, 16, and 18 months after transplantation identified NuSAP1 and CHAF1b with 30-and 128-fold change, respectively (false discovery q value, 0). We also analyzed the data using company-specific software (Prospector Analyzer). Again, CHAF1b and NuSAP1 were the only 2 significant hits between the 2 groups of early and late transplantation time points (P ϭ .018). Thus, 3 independent analyses identified CHAF1b and NuSAP1 as the most significant new Ab targets after allogeneic HCT (supplemental Figure 1 ).
CHAF1b and NuSAP1 Ab recognition was validated by Western blot and ELISA
To confirm CHAF1b and NuSAP1 antibody recognition by independent methods, the proteins were expressed in eukaryotic and prokaryotic systems, and patient sera was tested by western blots and quantitative ELISA. GST affinity purification following insect cells and E coli protein expression yielded full-length highly purified NuSAP1 (55 kDa) and CHAF1b (60 kDa) with an expected 25-kDa GST addition. Anti-GST and anti-CHAF1b mAb detection confirmed protein purity (Figure 2A ). Western blot detection of patient plasma reproduced protein microarray results. There was no recognition of either CHAF1b or NuSAP1 by donor plasma, the pretransplantation plasma, 1-or 2-month patient plasma, but specific recognition for both proteins developed 11 months after HCT and persisted thereafter.
ELISAs were developed using insect cell-expressed N-terminal GST fusion proteins. Figure 2B shows quantitative NuSAP1 and CHAF1b ELISAs fail to detect Ab in donor, pretransplantation, or 1-or 2-month samples, but ELISA quantification 11 months after transplantation and beyond reflect both Western blot qualitative Ab detection and protein microarray quantification. To assess whether NuSAP1 and CHAF1b Ab development reflected a specific alloimmune response or resulted from general Ab augmentation, we measured Ab specific for Epstein-Barr virus (EBV), varicella zoster virus (VZV), pneumococcus, influenza A, tetanus, and total IgG concentration ( Figure 2C) . Figure 2B and C show that antibody development against CHAF1b and NuSAP1 developed concurrently with antimicrobial Ab responses, suggesting broad immune reconstitution occurred 11 and 12 months after HCT. Total IgG One hundred twenty patients were screened for antibodies against NuSAP1 and CHAF1b. The patients were segregated into 2 groups. The first group shows patients with antibody and the second group was detected with no antibody responses. These 2 groups are correlated with variables as shown.
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Antibodies against NuSAP1 and CHAF1b develop in patients with AML after HCT
To determine the frequency and intensity of NuSAP1 and CHAF1b antibody development after allogeneic HCT, plasma was collected 1 to 2 years after allo-HCT from 120 patients with a variety of malignancies (Table 1) . These patients were screened by quantitative IgG ELISA for NuSAP1 and CHAF1b Ab. The threshold used for NuSAP1 and CHAF1b seropositivity was 3 SDs above the mean seropositivity of 70 healthy persons.
NuSAP1 Abs were exclusively detected in 24 (65%) of 37 patients with AML after allo-HCT compared with no patients with acute lymphoblastic leukemia (ALL), chronic lymphocytic leukemia (CLL), chronic myelogenous leukemia (CML), mantle cell leukemia (MCL), multiple myeloma (MM), and non-Hodgkin lymphoma (NHL; Wilcox test, P Ͻ .001; Table 4 ; Figure 3A ). Abs against CHAF1b were detected in 8 (21%) of 37 patients but was associated with AML compared with other malignancies (Wilcox test, P Ͻ .001; Table 4 ; Figure 3B ). Univariate analysis of NuSAP1 or CHAF1b seropositivity did not associate with GVHD risk factors (donor or patient age, related or unrelated donor, myeloablative or nonmyeloablative conditioning intensity), nor did NuSAP1 or CHAF1b Ab associate with acute or chronic GVHD development, but NuSAP1 Ab development was significant for disease relapse (P ϭ .007) and increased IgG levels (P Ͻ .001). We used multivariate logistic regression to explain the development of NuSAP1 Ab using total IgG and AML status across 120 patients studied. AML disease was highly significant (P Ͻ .001) in the multivariate model, but total IgG levels did not associate with NuSAP1 Ab development (P ϭ .7). Further exploring the univariate association between total IgG and NuSAP1 Ab development, we found patients with AML had higher total IgG levels compared with other hematologic malignancies. We suspect the lower IgG levels measured in ALL and NHL result from their preceding prolonged chemotherapy and prednisone treatment. Our further analysis of total IgG levels of 24 patients with AML with NuSAP1 Ab development and 13 patients without NuSAP1 Ab showed there was no difference between the 2 AML groups. This confirms the multivariate analysis that there is an association of NuSAP1 Ab development with AML, but no association with total IgG among all the 120 patients 1 year after transplantation for NuSAP1 Ab. To demonstrate immune competence in NuSAP1-seronegative patients, we tested for the development of allogeneic Ab in these 36 HCT male patients with female donors. A total of 17 (47%) of 36 developed H-Y antibodies, confirming their ability to develop new antibody responses despite remaining NuSAP1 seronegative.
Pretransplantation plasma samples from 17 of these 37 patients with AML were available for testing, and none were seropositive for NuSAP1 (supplemental Figure 2) . Only 4 pretransplantation samples from an additional 33 patients with AML tested NuSAP1 seropositive. Overall, only 4 (8%) of 50 patients with AML tested NuSAP1 seropositive before transplantation compared with 24 (65%) of 37 patients with AML after transplantation (P Ͻ .001). This frequent and exclusive development of NuSAP1 Ab in patients with AML suggests NuSAP1 is an AML-specific tumor antigen resulting from new Ab development after allogeneic HCT.
To determine when NuSAP1 Ab develops, longitudinal samples of 6 patients with AML (Table 2) who developed NuSAP1 Ab were tested by ELISA. All 6 remained seronegative through the first 150 days, and their NuSAP1 Ab peaked between 350 to 450 days development of NuSAP1 and CHAF1b Ab in these 6 patients does not reflect augmentation of total antibody quantity.
NuSAP1 and CHAF1b amino acid sequences are identical in the donor and recipient
We hypothesized that NuSAP1 and CHAF1b immunogenicity resulted from immune responses targeting disparate polymorphic amino acids (ie, expression of an allele in the recipient that is absent in the donor cells). We exon-sequenced both CHAF1b and NuSAP1 and failed to detect any nonsynonymous SNPs (nsSNPs) in the 13 CHAF1b and 11 NuSAP1 exons. Interestingly, in the last exon 11 of NuSAP1, the recipient's stop codon was TAG compared with the donor's TAA stop codon. Although both are stop codons for the protein NuSAP1, read-through by selenium incorporation can result from TAG codon and would add 4 amino acids, making this protein immunogenic in the recipient to the donor cells. We have no experimental evidence this occurred in our patient. In addition, the patient's new Ab response recognized the full-length NuSAP1 presented on the protein microarray.
NuSAP1 gene expression is in the top quartile of AML gene repertoire
An alternative cause of NuSAP1 and CHAF1b immunogenicity hypothesized could be their aberrant expression or increased expression in AML cells. Data from GEO 18 were analyzed for CHAF1b and NuSAP1 gene expression relative to normal neutrophils. In Figure 5A and B, the x-axis indicates a separate group/subset of samples from 5 different GEO datasets that were analyzed because they included large numbers of wellcharacterized AML samples studied by experienced DNA microarray laboratories. NuSAP1 is statistically higher in AML samples than in the healthy samples within each experiment. However, no correlation was found for CHAF1b and patients with AML. This overexpression of NuSAP1 in AML further indicates that NuSAP1 could be a potential tumor-associated antigen compared with CHAF1b.
NuSAP1 is expressed predominantly in the peripheral blood of patients with AML by RT-PCR
To directly confirm whether NuSAP1 or CHAF1b were expressed in patients with AML, RT-PCR was standardized using primers specific for NuSAP1 and CHAF1b with plasmids from previous transfections in E coli. The gene expression results of the 2 proteins were normalized to an internal control ␤-actin and are represented as fold change ( Figure 6A-B) . PBMNCs from 12 patients with AML with greater than 95% blasts demonstrated high heterogeneous NuSAP1 gene expression. In contrast, all 12 AML samples demonstrated low gene expression of CHAF1b (Figure 6A-B) . After sorting 5 healthy donor GM-CSF-mobilized PBMNCs into T and B cells, we found no relative difference between CD3, CD4, or CD8 T cells; CD19 B cells; CD15 granulocytes; CD14 monocytes; or monocyte-derived dendritic cells for either gene expression. Both Nusap1 and CHAF1b gene expression was relatively increased in undifferentiated progenitor cells, specifically CD34 ϩ CD90 ϩ and CD34 ϩ CD90 Ϫ cell populations. Increased expression of NuSAP1 and CHAF1b in CD34 ϩ progenitor blood cells is similarly reported in virtual online gene expression studies. [19] [20] [21] Skin, liver, and colon are frequently affected by GVHD and were also analyzed for NuSAP1 and CHAF1b. NuSAP1 was not detected in these GVHD tissues. In contrast, CHAF1b was highly expressed, especially in liver and colon. In conclusion, the 
Discussion
Reports demonstrate the identification of mHAs or tumor antigens using serologic expression methodologies like SEREX 22, 23 or chimeric antigen receptors of tumor-specific T lymphocytes coupled with phage display library 24 after transplantations. We hypothesized that novel mHAs could be serologically identified as targets of antibody responses that develop after allogeneic transplantations and are absent before transplantation. More than 70 000 nsSNPs encode polymorphic amino acid residues in human proteins that are potential mHAs, and their systemic analysis as possible mHAs requires a high-throughput approach like protein microarrays. To determine whether targets of new antibody responses can be detected using protein microarray technology, we longitudinally followed a single patient with cGVHD for new Ab development after allogeneic HCT.
With the advantage of screening 5056 proteins simultaneously using high-density protein microarrays, we serologically identified 2 proteins, NuSAP1 and CHAF1b, as specific Ab targets that were high in the posttransplantation plasma compared with pretransplantation or donor plasma in a patient with AML and developed 1 year after HCT. We then determined if the antibody responses against NuSAP1 and CHAF1b after allogeneic HCT correlated with disease type. Of the 120 patients with various hematologic diseases, NuSAP1 antibodies were frequently and exclusively detected in 24 (65%) of 37 patients with AML, suggesting NuSAP1 development required AML exposure and may be a GVL antigen. In support of this GVL role, NuSAP1 Ab development correlated with decreased disease relapse (P ϭ .007).
Both NuSAP1 and CHAF1b are intracellular proteins with increased expression in rapidly proliferating cells. 25, 26 NuSAP1 expression peaks at G 2 -M cell-cycle transition, and associates with microtubule formation while localizing to nucleoli during interphase. 27 Recent studies support NuSAP1 as a transcriptional target gene of c-Myc, and also suggests a novel mechanism by which c-Myc promotes proliferation by stabilizing the mitotic spindle in fast-dividing cells via NuSAP1 and a nucleolar RNA methyltransferase Misu. 25, 28 Our virtual gene expression analysis of published data and RT-PCR analysis of primary AML samples determined NuSAP1 has increased expression in AML, suggesting a role in AML cell proliferation, and may lead to antibody induction via DNA or RNA association, as many autoantibody targets have their immunogenicity ascribed to DNA/RNA-dependent antigen presentation. 29, 30 CHAF1 is a heterotrimeric protein composed of 3 subunits, CHAF1a, CHAF1b, and CHAF1c, comprising p150, p60, and p48, subunits respectively. 31 It was shown that deletion of CHAF1b abolished chromatin assembly, 32 and was shown to be a marker for cellular proliferation distinguishing cells from the quiescent state. 26 . The x-axis indicates a separate group/subset of samples from each GEO dataset (GDS). The GDS accession number for each is also shown. The y-axis indicates the normalized level of expression of the respective mRNA. These GDSs were picked because they were among the largest (in terms of number of arrays) experiments related to AML.
CHAF1b is highly expressed in cGVHD target tissues (liver and colon), but our serologic testing of 120 allogeneic HCT patients did not support an association with cGVHD development. Virtual gene expression studies and our RT-PCR studies show CHAF1b expression is increased in progenitor HSCs, but a GVH role for CHAF1b after allo-HCT remains speculative, requiring further studies.
We hypothesized new Ab development against NuSAP1 and CHAF1b might be due to nsSNPs between the donor and the patient, resulting in single amino acid disparities. However, complete exon sequencing revealed no differences between the donor and the recipient. For NuSAP1, the donor and the patient were identical for all codons except the last exon 11, where the recipient had a TAG amino acid SNP and the donor had a TAA. Although TAA and TAG are stop codons, due to the change in the reading code, the stop codon could be translated to incorporate amino acids like tryptophan, glutamine, or selenocysteine, thus causing disparity between the donor and recipient cells, eliciting an immune response. 33, 34 However, we have no evidence supporting TAG-dependent read-through or the incorporation of additional amino acid residues. In fact, the protein microarray and our ELISA presented full-length NUSAP1. Thus, our measured NuSAP1 antibody responses targeted the full-length protein.
NuSAP1 and CHAF1b were identified as new Ab targets despite their intracellular localization. 27, 31, 32 Recent literature has identified that HSCs express leukemia-associated antigens, correlated their expression with stage of the disease for CML, and also showed that mHAs were ubiquitously present in the CD34 ϩ population. [35] [36] [37] Our data are in concordance with the literature where intracellular targets, especially on HSCs, are targeted. It could be as proposed by Jordan and Kubler that nuclear antigens may be found on the cell surface when damage occurs to cells and intracellular antigens are exposed and stick to the cell surface, or they could be isoforms of cell nucleus-related proteins, or just are found in response to physiologic stress responses. 29 Furthermore, it could be hypothesized that CHAF1b-and NuSAP1-increased expression in rapidly proliferating cells results in "accidental exposure" on the AML cell surface. However, neither CHAF1b monoclonal Ab or NuSAP1 Ab detected cell-surface staining on primary AML cells, GM-CSFmobilized PBMNCs, or bone marrow CD34 ϩ CD90 ϩ -sorted cells (data not shown).
The relatively exclusive development of CHAF1b and NuSAP1 Ab in patients with AML (with their expression absent before transplantation) supports a tumor antigen role due to aberrant or increased expression in patients with AML, stimulating new Ab responses after transplantation. In support of this, our virtual gene expression profiles showed CHAF1b and NuSAP1 are predominately expressed in leukemic cell lines and B lymphoblasts compared with other tissues/cells (Symatlas). Directly testing this, our RT-PCR results showed NuSAP1 is highly expressed in primary AML cells. Thus, we propose NuSAP1 as a novel tumor-associated antigen since antibodies against NuSAP1 were exclusively and frequently detected in 24 (65%) of 37 patients with AML after allogeneic HCT. The specificity of NuSAP1 Ab development in patients with AML suggests a tumor antigen etiology and not generalized dysregulated immune reconstitution. Most important, NuSAP1 antibody development was associated with persistent disease remission (P ϭ .007), again supporting a GVL role. Our observation that patients with NuSAP1 Ab had a greater total IgG quantity (9.07 g/L) than seronegative patients (6.43 g/L; P Ͻ .001) suggests NuSAP1-seropositive patients have improved immune reconstitution, and that this improved immune reconstitution may contribute to improved disease remission. One bone marrow biopsy was sorted by flow cytometry into CD34 ϩ , CD34 Ϫ , CD34 ϩ CD90 ϩ , and CD34 ϩ CD90 Ϫ subpopulations and screened for NuSAP1 (A) and CHAF1b (B) expression. A total of 12 AML PBMNC samples and GM-CSF-mobilized peripheral blood samples (n ϭ 5) were screened, and these samples were further sorted into CD34 ϩ , CD34 Ϫ , CD34 ϩ CD90 ϩ and CD34 ϩ CD90 Ϫ , CD15, CD14, CD4, CD8, CD19, and dendritic cell subpopulations. DNA was obtained from all subpopulations and reverse-transcribed to cDNA using OligodT primers. cDNA was screened for NuSAP1 and CHAF1b expression using the respective specific primers using RT-PCR. Results obtained by RT-PCR were plotted relative to the positive control gene ␤-actin. Error bars indicate SE of measurement.
ANTIBODIES TARGET AML ANTIGEN NuSAP1 AFTER HCT 2085 BLOOD, 11 MARCH 2010 ⅐ VOLUME 115, NUMBER 10 For personal use only. on July 30, 2017. by guest www.bloodjournal.org From Our study demonstrates global assessment of alloimmunity after HCT can be achieved by combining the advantages of antibodies and protein microarray technology. The advantages of using antibodies for screening are that new Abs can discriminate mHAs, can freely diffuse throughout the body, making blood testing appropriate, and can be cryopreserved, allowing extensive sample analysis. Protein microarray technology advantages include concurrent screening across thousands of proteins, multiplexed data acquisition, and analysis. The proteins printed can reflect varied tissue organs, and no cell culture or viral mitogens are required. Protein microarrays are quantitative, reproducible, and rapid. Protein microarray technology was used to identify differentially expressed proteins in ovarian cancer, and further validated their ovarian antigen tumor antigen discovery by demonstrating increased antigen expression via tissue microarrays. 38 The significance of antibody development against NuSAP1 and CHAF1b are limited by testing blood samples collected 1 year after HCT because this requires 1 year of survival, preventing the analysis of all patients dying from disease relapse during the first year after transplantation. Nonetheless, NuSAP1 Ab development may predict for decreased disease relapse and longer clinical follow-up of this 120-patient cohort, especially for the ongoing studies for the 37 patients with AML. Like other technologies, protein microarray is a nascent technology which has limitations. These include the potential for Ab cross-reactivity, absence of alternate splice variants, purity of proteins printed, and varying protein concentrations, leading to false-positive results. Thus, validation of targets by various other technologies is important. Our study shows serologic screening with protein microarrays for new Ab responses can identify disease-specific, clinically relevant tumor antigens.
